Abstract: Variation in ability to detect, recognize, and perceive sweetness may influence food consumption, and eventually chronic nutrition-related conditions such as overweight and obesity. The aim of this study was to investigate the associations between sweet taste function, anthropometry, and dietary intake in adults. Participants' (n = 60; mean age in years = 26, SD =˘7.8) sweet taste function for a range of sweeteners (glucose, fructose, sucrose, sucralose, erythritol, and Rebaudioside A) was assessed by measuring detection and recognition thresholds and sweetness intensity. Height, weight, and waist circumference were also measured, and participants also completed a Food Frequency Questionnaire. There was large inter-individual variation in detection, recognition and sweetness intensity measures. Pearson's correlation coefficient revealed no robust correlations between measures of sweet taste function, anthropometry, and dietary intake, with the exception of suprathreshold intensity, which was moderately correlated with total energy intake (r = 0.23-0.40). One-way analysis of variance revealed no significant differences between the most and least sensitive participants in terms of BMI, waist circumference, and dietary intake for all measures of sweet taste function and sweeteners (all p > 0.01). When stratified into BMI categories, there were no significant differences in any measure of sweet taste function between the normal weight and overweight/obese participants (all p > 0.01). Results show that that sweet taste function is not associated with anthropometry and sweetness intensity measures are the most appropriate measure when assessing links between sweet taste and food consumption.
Introduction
Increased energy intake, in particular greater intakes of sweet, energy-dense food, is thought to be one of the major contributors to the global rise in being overweight and obese [1, 2] . For example, excessive consumption of sugar-sweetened beverages has been linked to the rising rates of obesity worldwide [3] [4] [5] . The continued increase in the worldwide prevalence of nutrition-related chronic illness such as obesity necessitates an increased understanding of the drivers of food intake [1, [6] [7] [8] .
The sense of taste, one of the traditional five senses (sight, hearing, taste, smell and touch), is activated when nutrients or other chemical compounds stimulate specialised taste receptor cells within the oral cavity [9] . From an evolutionary perspective our taste system functions as a gatekeeper to ingestion ensuring that we consume essential nutrients for survival and functioning, while rejecting potentially harmful or toxic foods [10] . However, research on sweetness, energy intake, and body mass index (BMI) is controversial (see reviews by [11] [12] [13] ).
The role of taste sensitivity in promoting intake of specific foods or ingredients associated with obesity has long been an area of interest, but with mixed experimental support [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In regards to sweet taste, whether or not environmental influences such as habitual diet can alter sweet taste sensitivity or vice versa is still unclear. Some have reported an inverse association between BMI and sweet taste sensitivity (decreases in BMI were associated with increased sweet sensitivity) [22, 24] , whereas a large body of evidence indicates that there is no significant association between BMI and sweet taste function [21, [25] [26] [27] [28] [29] [30] [31] [32] . Similar complexities were also found in studies investigating the link between sweetness liking and BMI, where most data showed no link between hedonics of sweetness and body size [26, 29, 31, [33] [34] [35] [36] . A confounding factor in this area is that high-intensity sweeteners generally contain only negligible amounts of kilojoules thereby decoupling sweetness from energy value [37] .
Discrepancies between studies may be attributed to differences in the types of sugar and/or psychophysical techniques used to measure sweet taste function [38] as research has shown that no single psychophysical measure reflects taste function in totality [39] . There are three perceptual dimensions of sweet taste function, namely detection threshold, recognition threshold, and suprathreshold intensity, each of which is independent of the other [39, 40] . The present study aims to investigate associations between the three common measures of sweet taste function, anthropometry and dietary intake among adults using multiple sweeteners.
Materials and Methods

Study Design
This study comprised three measures of taste perception routinely used in chemosensory research: (1) detection threshold (DT); (2) recognition threshold (RT); and (3) suprathreshold intensity (ST). These measures were determined for each participant, and each sweetener, over a total of 16 sessions (two sessions per day separated by a minimum of 1 h for eight non-consecutive days). All measurements were collected in duplicate. If there were more than three concentration steps between the duplicate measures, participants attended another session to complete the assessment. Demographic information was also collected, including sex, age, height, weight, and waist circumference. Body mass index (BMI, kg/m 2 ) was calculated from the height and weight measurements. DT, RT, and ST intensity tasks were conducted in computerised, partitioned sensory booths in the Centre for Advanced Sensory Science using Compusense Five Software Version 5.2 (Compusense Inc., Guelph, ON, Canada). Filtered deionised water was used as an oral rinsing agent. Participants were instructed to rinse their mouths with filtered deionised water for five seconds before beginning each task and between each sample set. To eliminate any visual and olfactory input, all testing sessions were conducted under red lighting, and participants were asked to wear nose clips during testing. All solutions were served at room temperature, with a three digit code allocated to each sample.
Participants
Sixty participants (28 male, 32 female), 18-52 years of age (mean age in years = 26, SD =˘7.8), were recruited from locations adjacent to the Deakin University, Melbourne campus, Australia. Subject exclusion criteria were individuals who are: (1) smokers; (2) pregnant or lactating; (3) taking any prescription medication that may interfere with their ability to taste; and (4) with a history of food allergies that may interfere with the study. Participants were asked to refrain from eating, drinking (except room temperature water), brushing teeth, and chewing gum for 1 h prior to testing. All participants gave written informed consent and were compensated for their time. This study was conducted according to the institutional review board regulations of Deakin University (DUREC 2013-156). The experimental protocol was also registered under the Australian New Zealand Clinical Trials Registry (ACTRN12613000701729), www.anzctr.org.au.
Participant Training
Prior to using the general Labeled Magnitude Scale (gLMS) to rate taste intensity, participants were trained using the standard protocol outlined by Green et al. (1993 Green et al. ( , 1996 except the top of the scale was described as the "strongest imaginable sensation of any kind" [41] . The 100-point scale comprised the following adjectives: "no sensation" = 0, "barely detectable" = 1.5, "weak" = 6, "moderate" =17, "strong" = 35, "very strong" = 52, and "strongest imaginable" = 100 [41] . Only scales with adjectives were presented to participants (no equivalent numbers, although numerical data was extracted from the scale for data analysis; [39] ). During the training session, participants were asked to rate the intensity of the perceived sensation relative to a remembered or imagined sensation. Participants were required to rate a list of seven remembered or imagined sensations, such as the warmth of lukewarm water, the pain from biting of the tongue, and the sweetness of fairy floss (known as cotton candy in the USA, or candy floss in the UK).
Stimuli
Both caloric (glucose monohydrate, fructose, sucrose, erythritol) and high-intensity sweeteners (HIS) (artificial sweetener: sucralose; natural high intensity sweetener: Rebaudioside A) were used to investigate sweet taste (for details of stimuli see Table 1 ). On the morning of testing, solutions were prepared with filtered deionised water (Cuno Filter Systems FS117S, Meriden, CT, USA) and stored in glass beakers at room temperature (20˝C˘1˝C).
Detection and Recognition Threshold Determination for Sweet Taste
Detailed in Table 1 are the ranges of chemical concentrations used to assess DT and RT for sweet taste. The concentration series for sucrose was adapted from ISO3972 [42] . The concentration series for the remaining sweeteners were prepared with successive 0.25 log dilution steps. Initial starting concentrations were determined through informal bench top testing, based on modified findings of matching sweetness intensity ratios published in Keast et al. [43] . DTs for each of the sweeteners were determined using ascending series 3-Alternate Forced Choice methodology [19, 44] , in which the participants were provided with three 25 mL samples: two controls (filtered deionised water solutions) and one containing sweetener per set, in ascending order from the lowest to the highest concentration. DT was defined as the concentration of sweetener required for a participant to correctly identify the sweetened sample as "odd" from the two water control samples in three consecutive sample sets at one concentration level [43] . RTs for each of the sweeteners were measured using a whole-mouth, sip-and-spit procedure [45] . Each participant received a single 15 mL sample presented in a medicine cup, in ascending order starting from his or her DT concentration level. Participants were asked to identify the quality of the taste after holding the sample in their mouth for at least five seconds. Response options included "sweet", "sour", "bitter", "salty", "umami" or "unknown taste". Participants tasted each sample once, in ascending concentration order, until they identified the target taste quality "sweet" for all of the sweeteners [45] . RT was defined as the concentration at which they were able to recognize the correct taste quality three times consecutively. To prevent participants from learning the purpose of the task, participants were told that the purpose of this experiment was to investigate if they were able to detect any other potential taste qualities before the final "sweet" perception. They were also given examples of how some people were able to detect other taste qualities such as bitterness when tasting HIS. Thus, we found that this strategy encouraged participants to attempt recognition (not only sweet) prior to concentrations associated with probabilistic recognition (i.e., the concentrations at which participants were able to recognize quality imperfectly at above chance level) [45] . At the end of the final visit, participants were debriefed about the experiment, and none were aware that the purpose of this task was a sham. 
Suprathreshold Intensity Ratings for Sweeteners
Three concentrations (blank (control), weak, moderate, and strong) were prepared to determine perceived suprathreshold intensity for each sweetener (Table 2 ). These concentrations were derived through informal bench top testing (ascending taste intensity). The concentrations for each sweet stimulus ranged from "weak" to "strong" on the gLMS. These samples were presented to participants in randomised order to taste. 
Standardisation of gLMS Usage with Weight Ratings
To standardise gLMS usage within participants, a modified version of Delwiche et al. [46] was adapted for this study. To control for idiosyncratic scale usage, participants were asked to rate the heaviness of six visually identical weights (i.e., sand and stone filled opaque bottles completely wrapped with aluminium foils of weights 53, 251, 499, 724, 897, and 1127 g). Participants were asked to hold out their non-dominant hand palm up, while the experimenter placed the weighted bottle on the palm of the hand. Participants were instructed to use the gLMS to rate the heaviness of each weight.
Significant correlations were found between the overall mean prototypical ratings and overall mean heaviness ratings (r = 0.28, p < 0.05) (see Table 3 for concentration of prototypical tastants used for determination of taste intensity perception). As individual ratings for taste intensity and the heaviness of the bottles were assumed to be unrelated, the significant correlation indicated that the gLMS ratings were prone to individual scale-use bias and required standardisation across participants [39, 40, 46] . To determine a personal standardisation factor, the grand mean for heaviness across weight levels and participants was divided by each participant's average intensity for heaviness [40] . Each individual's intensity ratings were multiplied by his or her personal standardisation factor for scale-use bias [40, 46] . 
Anthropometry
All participants were asked to remove shoes and heavy clothing to ensure accurate measurements. All anthropometry measurements were measured first thing during the initial and final visits after 1 h fast (food only). Participants' body weight was measured to the nearest 0.1 kg using a segmental body composition analyser (TBF-300A) (Tanita Corporation, Tokyo, Japan). Participants' height was measured to the nearest 0.1 cm using a portable stadiometer (Seca213) (Seca, Eilbek, Germany). All measurements were repeated twice to ensure accuracy. An average of measurements for both height and weight were used to calculate BMI (weight in kg/m 2 ) and determine weight status (i.e., normal weight or overweight/obese). Weight statuses were defined under World Health Organisation BMI classification [47] . Using methods outlined by the Australian Heart Foundation [48] , waist circumference was also measured. Waist circumference was measured twice to the nearest 0.1 cm using an ergonomic circumference measurement tape (Seca201) (Seca, Eilbek, Germany). An average of waist circumference measurements was calculated and used for analysis.
Dietary Intake
The Cancer Council of Victoria validated Food Frequency Questionnaire (FFQ) was used to measure each participant's habitual pattern of food intake [49] . Participants were required to indicate, on average, how many times in the previous year they consumed a number of food and beverage items (80 items) across four categories (i.e., cereal foods, sweets, and snacks; dairy products, meats and fish; fruit; and vegetables). They were also required to indicate the portion size that they normally consumed. Participants were asked to complete the FFQ within a month from their first visit.
In addition to the FFQ, participants were asked how often they consumed foods and/or beverages sweetened with high-intensity sweeteners (artificial sweeteners, natural high-intensity sweeteners) by selecting an appropriate response category from a list of "more than once a day", "once per day", "three to six times per week", "once or twice per week", "one to three times per month", "once per month or less", or "never" [50] . Participants were given examples of commercial products that were sweetened with high-intensity sweeteners (both artificial and natural high intensity sweetened) such as low energy carbonated drinks, confectionary and dairy products. Participants were also instructed to include high-intensity sweeteners consumed with tea and coffee.
Statistical Analysis
SPSS Version 20.0 software (SPSS, Chicago, IL, USA) was used for the statistical analysis of the data. Data are expressed as means˘standard error of mean (SEM). Descriptive statistics were employed to describe demographic information, sweet taste thresholds and perceived sweetness intensity, dietary intake, and high-intensity sweeteners consumption. Sweet taste thresholds and sweet suprathreshold intensity ratings for prototypical tastants and sweeteners were determined as the arithmetic mean of the duplicate measures. For sweet intensity ratings, a geometric mean score of the three ratings (weak, moderate, and strong) for all sweeteners was calculated. Over and under reporters for dietary intake were checked for out of range values for energy intake and cases with outlying values (>2 SD from mean energy intake per day) were removed from further dietary analyses [51] . However for BMI and waist circumference, all participants were included in the analysis.
Sweet taste function for each sweetener was treated as a grouping variable (quartiles) with participants categorized as hyper-sensitive (1/4), normal sensitive (2/4-3/4), and hypo-sensitive (4/4) to explore differences between continuous (BMI, waist circumference, dietary intake, habitual energy intake, and macronutrient intakes) and categorical (high-intensity sweeteners consumption) variables. Sweet taste function for each sweetener was grouped into quartiles to allow comparison of most and least sensitive groupings. A one-way ANOVA with a Tukey post hoc analysis was used to detect differences in habitual energy intake, BMI, and waist circumference between hyper-sensitive and hypo-sensitive participants (lower and higher quartile groups). Chi-square test was used to detect differences in consumption frequency of high-intensity sweeteners between sweet taste function groups. A one-way ANOVA with a Tukey post hoc analysis was used to detect differences in diet between hyper-sensitive and hypo-sensitive participants, with macronutrient composition (i.e., percent energy from total sugar, starch, and carbohydrate) as a dependent variable and sweet taste function as the independent variable. A one-way ANOVA with a Tukey post hoc analysis was also used to assess differences in terms of weight status between hyper-and hypo-sensitive participants (i.e., BMI and waist circumference as a dependent variable and sweet taste function as the independent variable). Pearson's product-moment coefficients correlations were conducted to also analyse the relationship between sweet taste function and BMI, waist circumference, and dietary intake. Independent t-tests were used to analyse differences in terms of sex between sweet taste function, anthropometry, and dietary intake. Significance was accepted at p < 0.01 to reduce the possibility of making a type I error due to multiple tests being conducted. The p-values were not adjusted for multiple comparisons by the application of Bonferroni or other equivalent method, as these approaches can be overly conservative (increasing risk of type II error) and can potentially mask important findings [52, 53] .
Results
Baseline characteristics of all participants are detailed in Table 4 .
Sweet Taste Function of Sweet Tastants
Of the 60 participants, n = 15 (25%) were asked to complete an additional session due to variability in measurements. There were no significant differences in sweet taste function between male and female participants, therefore, the data are presented together (all p > 0.01). The DT and RT means, standard error, and range for all sweeteners are presented in Table 5 . The geometric mean, standard error, and range of intensity ratings of all sweeteners measured are presented in Table 6 .
Sweet Taste Function and Anthropometry
No significant associations were identified between any measures of sweet taste function (DT, RT, and intensity) with BMI, and waist circumference for all sweeteners tested (all p > 0.01). Similarly, when grouped into quartiles, there were no significant differences between the hyper-and hypo-sensitive participants according to their sweet taste function (all sweeteners) for BMI and waist circumference (all p > 0.01). When stratified into BMI categories, there were no significant differences in any measure of sweet taste function between the normal weight and overweight/obese participants (all p > 0.01).
Sweet Taste Function and Dietary Intake
Participants (n = 4) were identified as over-reporters of energy intake (>2 SD˘10,800.2 kJ). When stratified into body sizes, overweight/obese participants had a significantly greater mean total energy intake (13,847.6 (SEM 1264.8) kJ) in comparison to normal weight participants (9235.3 (SEM 706.4) kJ). There were no other significant differences in dietary intake between normal weight and overweight/obese participants (all p > 0.01). 
Sweet Taste Function and Energy and Macronutrient Intakes
The mean and standard error for energy and macronutrient intakes (in percentages of energy intake) are presented in Table 7 . No correlations were observed between DT and RT, with mean total energy intake, percent energy from total fat, protein, carbohydrate, sugar, starch, and fibre (all p > 0.01). Significant correlations were observed between mean total energy intake and sweetness intensity ratings for Rebaudioside A (r = 0.40, p < 0.01) and sucralose (r = 0.36, p < 0.01). However, no significant correlations were identified for mean total energy intake and sweetness intensity ratings for glucose (r = 0.30, p = 0.02), fructose (r = 0.30, p = 0.03), sucrose (r = 0.26, p = 0.05), and erythritol (r = 0.23, p = 0.09). No correlations were observed between sweetness intensity for all sweeteners and percent energy from total fat, protein, carbohydrate, sugar, starch, and fibre (all p > 0.01). When grouped into quartiles, Tukey post hoc analyses revealed no significant differences between hyper-and hypo-sensitive participants (lower and higher quartiles) according to their sweet taste measures and the macronutrients investigated (all p > 0.01). No robust differences were observed between male and female participants in terms of the associations between sweetness intensity and energy intake (unreported). Table 6 . Geometric mean (gLMS), standard error, and range sweetness intensity ratings of sweet tastants.
All (n = 60)
Mean˘SEM Range 
Sweet Taste Function and Consumption of Added Sugar and Specific Sugar-Sweetened Foods
The mean and standard error for consumption of added sugar and specific sugar-sweetened foods (sweet biscuits, cakes, flavoured milk, fruit spreads, ice-cream, chocolate, bread, and breakfast cereals) in grams are presented in Table 8 . No robust associations between measures of sweet taste function, sugar, and specific sugar-sweetened foods were observed. When grouped into quartiles (DT, RT, sweetness intensity), there were no significant differences between the hyper-and hypo-sensitive participants for all sweeteners in terms of consumption of added sugar and specific sugar-sweetened foods (all p > 0.01). There were no significant differences in terms of intake of added sugar and specific sugar-sweetened foods between overweight/obese subjects and normal-weight participants (all p > 0.01).
Sweet Taste Function and Consumption of High-Intensity Sweeteners
Most participants did not consume artificial sweeteners (76.8%, n = 43) or natural HIS (96.4%, n = 54) in foods and beverages. Of the participants who did consume artificially sweetened foods and beverages, 16.1% (n = 9) reported consuming them, on average, three to six times per week, and 7.1% (n = 4) reported consuming them at least once per day. There were no significant differences between measures of sweet taste function and frequency of consumption of artificially sweetened foods and beverages (all p > 0.01). There were no significant differences in terms of frequency of consumption of artificial and natural HIS between normal weight and overweight/obese participants (all p > 0.01).
Discussion
To our understanding, this was the first comprehensive study to investigate if multiple measures of sweet taste function using a range of sweeteners were related to anthropometry measurements or dietary intake. Overall sweet taste function was not associated with anthropometry measurements or dietary intake, except for mean total energy intake, where moderate correlations were found between sweetness intensity for HIS, Rebaudioside A and sucralose. A trend towards significance was also found between total energy intake and sweetness intensity for all the other sweeteners as well. Table 8 . Consumption of added-sugar and specific sugar-sweetened foods in grams a,b,c . Overall, the current findings indicate that DT and RT are not associated with dietary intake and body weight. The role of sweet taste in promoting intake of foods or ingredients associated with obesity has long been an area of interest, but with mixed experimental support [38] . The findings provide no experimental evidence for a relationship between measures of sweet taste function and body size (i.e., [21, [25] [26] [27] [28] [29] [30] [31] [32] ) and between most measures of sweet taste function and dietary intake [21] .
All (n = 56)
Grams/Day
The moderate and near significant relationships observed between energy intake and sweetness intensity of two HIS, suggests that intensity ratings are more appropriate when assessing sweet taste associations with energy intake in comparison to sweetness DT and RTs. Similarly, one recent small-randomised controlled trial study looked at the effect of reducing intake of simple sugars on DT and ST intensity for sucrose [54] . In this study, 13 participants completed a three-month low-sugar diet and 16 participants (control group) remained on their normal diet [54] . No significant changes in sweet DT were found during the intervention in both groups, but the low-sugar diet group rated sweet puddings as more intense in months two and three of the intervention [54] . A similar, but weaker effect on rated sweetness intensity for flavoured beverages was also found [54] . This supports the general school of thought on psychophysical technique comparisons [38, [54] [55] [56] , where taste thresholds have previously been found to have limited utility in predicting experiences in the real world as threshold measures do not depict the dynamic range of sensory function. Thus, the comparison of the ability of an individual to detect and recognize sweetness from a very small amount of sugar/sweet stimuli may not be as relevant in terms of understanding food behaviour, when most of the sweet and high-energy foods are within the sweetness intensity perception range [38, 55] . As absolute taste threshold measures are time consuming to complete, sweetness perceptions may seem to be a more time efficient method to assess relationships between individual sweet taste function and energy intake.
There are possible explanations for the lack of association between sweetness perception and anthropometry. First, one could argue that perception of tastant solutions in a laboratory setting bears little relevance of actual intake of real food in everyday life [57] . The impact taste perception has especially among adults is much less understood [58] . For example, sweet liking and aversions are not always direct predictors of intake, and they do not always associate sweetness with liking [57] . Therefore, it has proved difficult to link adult taste liking with body sizes and diet, whether in a laboratory setting or in the real world [58] . In truth, the proportion of sugar in an individual's diet can be driven by many factors ranging from molecular biology to socio-economical factors such as education level and income [58] [59] [60] [61] . Second, as obesity has been associated with diets containing high levels of both fat and sugar [62] [63] [64] , sweet food choices may be influenced to some extent by the participant's sensitivity and/or preference for fatty foods [25, 28, 38, 58, 64, 65] . In addition, it is possible to have a diet that is considered to include many high-energy sweet foods, but without the energy coming from sweetness (e.g., energy bars/muesli bars sweetened with HIS, baked goods sweetened with HIS, etc.). As we only measured frequency of consumption of HIS, we do not have data on the quantity and the types of foods that participants consumed that were sweetened with HIS.
There are some limitations that need to be considered when considering the results. Food Frequency Questionnaires may not accurately reflect diet, and are prone to under and over-reporting. Moreover, there are considerable sweetener options currently available and while the authors used multiple sweeteners in this study there were other sweeteners available that were not used which may have altered the results. The unequal distribution between males and females in the BMI groups may also be a limitation of this study.
Conclusions
An individual's ability to detect and recognize a range of sweeteners did not play a role in sweet food consumption, HIS consumption, or more generally the dietary intake of adults. Sweetness intensity from two HIS was associated with energy intake indicating that intensity measures might be more appropriate when assessing associations with total energy intake. There were no associations found between anthropometry measurements and sweet taste function across a range of sweeteners. Supporting this there were no differences in sweet taste function between lean and overweight/obese participants. Although all measures of sweet taste function differed between individuals for all sweeteners, oral sweet taste sensitivity does not appear to have any robust influence on anthropometry measurements and dietary intake.
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